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Replacing fossil fuels with energy sources and carriers that are sustainable, environmentally benign, and
affordable is amongst the most pressing challenges for future socio-economic development. To that
goal, hydrogen is presumed to be the most promising energy carrier. Electrocatalytic water splitting, if
driven by green electricity, would provide hydrogen with minimal CO, footprint. The viability of water
electrolysis still hinges on the availability of durable earth-abundant electrocatalyst materials and the
overall process efficiency. This review spans from the fundamentals of electrocatalytically initiated water
splitting to the very latest scientific findings from university and institutional research, also covering
specifications and special features of the current industrial processes and those processes currently
being tested in large-scale applications. Recently developed strategies are described for the optimisation
and discovery of active and durable materials for electrodes that ever-increasingly harness first-
principles calculations and machine learning. In addition, a technoeconomic analysis of water
electrolysis is included that allows an assessment of the extent to which a large-scale implementation of
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1 Introduction

All our environmental problems are compounded with a growing
population.” Population increases the greenhouse gas produc-
tion due to increasing livestock husbandry and the gigantic
hunger of the population for electrical energy, the production
of which releases carbon dioxide (Fig. 1a).®> The world energy
demand is predicted to double by 2050 and triple by the end of
the 21st century.* The accelerated depletion of fossil fuels and
ecological consequences associated with their use are a major
concern of both policy makers and the public. Thus, the global
energy consumption by energy source will have to change dras-
tically in the next decades (Fig. 1b) and scientists and engineers
are forced to search for green energy carriers, i.e., produced using
zero-carbon renewable energy resources like wind, solar, hydro-
power or geothermal.’® Solar energy however suffers from inter-
mittent availability due to regional or seasonal factors - a
drawback that makes it difficult to adapt to the demands of a
modern society.”® Energy conversion, and in particular energy
storage, will therefore be an essential pillar in allowing energy to
be harvested where and when needed. Compared to electro-
chemical storage (e.g:, in Li-ion batteries), storing energy in
the bonds of molecules such as hydrogen does not suffer from
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self-discharge (energy loss) during the storage period. Hydrogen
(H,) has future potential as an energy carrier due to its high energy
content and harmless burning products. The energy can be
subsequently regenerated by fuel cells. In addition, H, could be
easily integrated to existing distribution systems for gas and oil.”

However, hydrogen can only be seen as a green energy
carrier when its generation is not fraught with the release of
greenhouse gases. Hydrogen is currently produced almost
entirely from fossil fuels, with 6% of global natural gas and
2% of global coal being used for hydrogen, and therefore it is
responsible for CO, emissions of around 830 million tonnes of
carbon dioxide per year."®

A sustainable energy industry based on hydrogen is cur-
rently only being implemented slowly by society. National and
international efforts are necessary and are already ongoing to
pave the way for hydrogen as the main energy carrier of the
future.'® Several countries and regions now have ambitious
targets for the share of electricity coming from low-carbon
sources, with South Australia aiming for 100% by 2025, Fukush-
ima Prefecture by 2040, Sweden by 2040, California by 2045,
and Denmark by 2050."°

Splitting of water into hydrogen and oxygen by exploiting
solar energy transforms water into an inexhaustible and
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environmentally friendly fuel source."'"® Among the known
strategies, water electrolysis is the easiest technology to be
transferred to large-scale industry.’”*®

Electricity-driven water splitting comprises two half-cell
reactions, the hydrogen evolution reaction (HER) and the
oxygen (O,) evolution reaction (OER). Oxygen-evolving electro-
des contribute mainly to the surplus of cell voltage which must
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be applied in addition to the theoretical decomposition voltage
(1.229 V in standard conditions) of water electrolysis. Fig. 2
shows the Pourbaix diagram of water (potential pH diagram at
standard conditions). HER and OER fundamentals are dis-
cussed in Section 2 of this review.

Besides alkaline water electrolyser (AWE),"” proton-exchange
membrane (PEM) water electrolysers® (PEMWE) and most
recently anion-exchange membrane (AEM) water electrolysers®
(AEMWE) are currently well-developed and commercially avail-
able. Section 3 gives an overview of the water electrolyser tech-
nologies. Unlike AWE, PEMWE is compatible with frequent
changes of the current load, a crucial characteristic when con-
verting energy from a renewable source of electricity. All these
technologies have their advantages and disadvantages, and the
challenges for reducing the costs of produced hydrogen really are
technology-depending. The membrane material represents an
enormous cost driver for PEM technology;however, for PEMWE
developing earth-abundant, durable electrode materials capable
of replacing noble electrodes is currently the most effective way to
reduce capital costs (capital expenditure, CAPEX). For AEMWE
electrolysers, the maintenance costs caused by the poor stability
of the membranes are the main cost factor. To bring clarity here,
the different approaches are compared based on a (in-depth)
techno-economic and SWOT (Strengths, Weakness Opportunities,
and Threats) analysis (Sections 4 and 14), while Section 5 focuses
on the materials of these water electrolysers’ technologies.

The usefulness of electrocatalytically-driven H,/O, produc-
tion stands and falls with complementary properties that must
be met by the electrolyzer system. The efficiency, the rate and
the stability of the system and its core materials are pivotal to
its practical implementation. From an engineering standpoint,
a system operated at a low overpotential (and low rate) would
exhibit a high efficiency (low operating cost), combined with a
low productivity (little hydrogen production in comparison
to the total cost of the construction: high capital cost), main-
tenance and operation of the system, so that it will not always
be economically competitive. On the contrary, a system running
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(a)

Global energy-related carbon dioxide emissions in IEO2019 Reference case (1990-2050)
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Fig. 2 Water electrolysis electrode potentials with pH at standard condi-
tions. Reproduced with permission from ref. 86. Wiley 2020.

at higher rate (and a lower efficiency), could be more
economically-viable per produced kg of hydrogen. In addition,
the system stability must be considered, as long-lasting electro-
des would enable to lower the maintainence/replacement costs.
So, it is not only the electrodes/electrocatalysts’ efficiency which
drive the electrolyser’s practicability. However, one can admit
that more efficient electrodes/electrocatalysts are still desperately
needed; the electrocatalytic efficiency is directly determined by

4586 | Chem. Soc. Rev., 2022, 51, 4583-4762

(a) Global carbon dioxide emissions; (b) global primary energy consumption by energy source. Source: ref. 19.

2223 1t is

therefore not surprising that optimisation of hydrogen-evolving

the overpotentials (i) occurring on both half-cell sides.

and oxygen-evolving electrodes remains a hard-fought battlefield
on which scientists and engineers currently cavort.

Especially of interest is the development of OER electrodes
that consist of cheap, non-noble earth-abundant elements
capable of replacing the noble, rarely occurring components
such as iridium (Ir), platinum (Pt), or ruthenium (Ru) known to
be highly active oxygen evolving electrodes. We would like to
point out here that the periphery of the as-prepared electrode,
i.e., the as prepared catalyst, is usually not identical with
the active catalytic surface that is formed under operation.
Today’s materials discovery strategies based on first-principles
calculations (e.g:, DFT), machine learning, and optimisation
approaches (aka the materials-by-design approach) for reducing
the overpotential for metal-based and metal-free OER and HER
electrocatalysts are evaluated in Sections 6-8.

For a general assessment of the quality of water electrolysis
electrodes, it is not enough to consider only the pure electro-
catalytic performance of the materials from which the electro-
des are made. The number of active sites and the activity of the
active site (the latter being defined as the intrinsic catalyst
activity®®) of the exploited materials play a major role in terms
of the overall catalyst’s performance and are influenced by
particle size,”® by engineering catalyst morphology,*® and by

This journal is © The Royal Society of Chemistry 2022
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27-31 For

surface reconstruction into more active site species.
tailored electrocatalytic properties and advantageous mass-
transfer behaviour, optimised electrode preparation techniques
and options for post-treatment of electrode materials and
ready-to-use electrodes are essential (Section 9).

Water-splitting approaches that can be classified as being
heterogenous catalysis are the most promising. Molecular
catalysts originally intended to support photocatalytic water-
splitting are also gradually implemented in water electro-
catalysis (heterogenisation of molecular catalysts). Metal com-
plexes can help not only in the understanding of the sequential
steps of water oxidation but also have promise for their putative
integration in functional devices, particularly for the hydrogen
production reaction®® (Section 10).

A knowledge-based optimisation of electrodes would have
been impossible without the development of ever finer char-
acterisation methods, some of which being applied under
potential control (i.e. in situ or even operando). X-ray photo-
electron spectroscopy (XPS), Extended X-Ray Absorption Fine
Structure (EXAFS), and X-ray Absorption Near Edge Structure
(XANES) analysis helped to understand the characteristics that
affect OER activity and are therefore vital for determining the
OER mechanism and developing OER electrocatalysts. Often
catalysts that appeared to be initially promising have failed
when used at conditions approaching normal industrial opera-
tion. To evaluate the value of electrode materials or complete
water-splitting devices in terms of practical application, inten-
sive ex situ/in situ testing and durability (long-term) testing
under conditions ranging from classical laboratory operating
settings (current density loads, temperature, load change beha-
viour) to industrial settings are an indispensable prerequisite.
It is widely agreed that dynamic conditions (e.g., cycling the
electrode potential or current density) accelerate the degrada-
tion relative to galvanostatic testing which led to the so-called
accelerated durability tests (ADT).**”** In terms of the durability
of fuel cells, steady progress has been made towards the Depart-
ment of Energy (DOE) MYRD&D 2020 target of 5000 hours with
less than 10% loss of performance (with an ultimate target of
8000 hours at 10% loss of performance).”® The challenge today is
to have PEMFCs (proton exchange membrane fuel cells) for
heavy-duty vehicles with 40 000-50 000 hours of service.*® PEM
(proton exchange membrane) electrolyser components also
degrade upon usage, but this is less of a concern as ~ 60000
hours lifetime has been reported in commercial stacks without
any detected voltage decay.?” To provide evidence-based scientific
support to the European policymaking process, EU harmonised
test protocols have been developed.*®*® The characterisation
methods of water electrolysers and their constitutive materials
are addressed in Section 11.

Thinking outside the box can be worthwhile if the problems
of classical approaches that have existed for years cannot be
completely or not satisfactorily solved. Non-classical water-
splitting approaches such as ultrasound and magnetic field-
assisted water electrolysis®® are reviewed in Section 12.

In order to avoid expensive pre-treatment of the water
(depending on country specifications), the electrolyser technology

This journal is © The Royal Society of Chemistry 2022

View Article Online

Review Article

must be adaptable to the water that is directly available in nature.
The savings originating from not using a purification step could
however be counterbalanced by the depreciated performances of
the water electrolyzer when fed with impure water. Problematic
ingredients of water from the sea, lakes, and rivers as well as
wastewater pose major challenges for electrodes and membranes.
This research field is addressed in Section 13, while market and
cost issues are focused on in Section 14.

Water splitting is a research field of activity that is develop-
ing at breath-taking speed. Consequently, the number of
papers that can be assigned to water splitting published per
time has increased dramatically. This area of research must not
lose sight of a critical review of the research approaches. The
authors try at every point in the article to identify opportunities
in approaches - including around basic research such as
electrode development, approaches to developing theoretical
explanations, and the technical implementation of newer
research approaches — and perhaps even to uncover possible
wrong turns.

2 Basic concepts in OER and
HER electrocatalysis

A typical water electrolyser comprises three (main) compo-
nents: an electrolyte, a cathode, and an anode. Energy supplied
with an externally generated voltage that must exceed the
equilibrium voltage of water splitting, decomposes water mole-
cules into hydrogen gas in the hydrogen evolution reaction
(HER) at the cathode and oxygen gas in the oxygen evolution
reaction (OER) at the anode. The net reaction of water electro-
lysis is 2H,0 — 2H, + O,. The standard equilibrium voltage of
the water electrolysis cell is U, = 1.229 V (at T=298 K, P=1 atm
and pH 0). It is related to the standard reaction Gibbs energy by
the well-known relation AGx = —nFU,, with the Faraday con-
stant F = 96 485 C mol " and the number of electrons converted
per H, molecule, n = 2. Here, Uy = Eqorr — Eourr is the
difference between standard electrode potentials at anode,
Eoorr, and cathode, E;gr, that would be measured under
standard conditions, if the net reaction rate and the corres-
ponding cell current density were exactly equal to zero. When
conditions deviate from the standard conditions, the equili-
brium voltage, U, is determined by U, and an additional term
that generally depends on the temperature as well concentra-
tions, activities or partial pressures of reactant and product
species, as described by the Nernst equation. In order to
achieve a certain decomposition rate (current density) the cell
voltage U should exceed the equilibrium voltage (U > Ueg).
Because of the sluggishness of the OER, a significant departure
(U — Ueq > 0.5 V) is required in order to attain technically
relevant current densities on the order of 0.3 to 10 A cm 2,
depending on the water electrolysis technology employed.

The electrode potential values required to achieve a certain
net rate or current density of the water decomposition reaction
depends strongly on the pH value. Oxygen-evolving electrodes,
in particular, incur a significantly higher overpotential

Chem. Soc. Rev., 2022, 51, 4583-4762 | 4587
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(MoEr = Eorr — Eeq,oer) under neutral or acidic conditions than
under alkaline conditions.*®*"' The overpotential at hydrogen-
evolving electrodes (#ugr = Enrr — Eequer) is higher in neutral
and alkaline environments.** The overall water decomposition
reaction is the reverse process of the water production reaction
in a hydrogen fuel cell, in which H, flows around the anode to
be oxidised in the hydrogen oxidation reaction (HOR) and O,
flows around the cathode to be reduced in the oxygen reduction
reaction (ORR). The maximal terminal voltage U, (under equili-
brium condition at zero current) or equilibrium voltage of an
oxyhydrogen fuel cell is identical to the minimal decomposition
voltage of water electrolysis (U, = U, = 1.229 V under standard
conditions). Depending upon the solution pH, different OER
and HER water electrolysis half-cell reactions and different
HOR and ORR fuel-cell half-cell reactions can be defined.*?

Under acidic conditions for the OER, two water molecules
are converted into four protons (H') and one oxygen molecule.
In neutral and alkaline media, the OER involves the oxidation
of four hydroxide ions to water. The direct oxidation of hydro-
xide anions on the electrode might be favoured over that of
neutral water molecules, due to attractive interactions between
anions and the positive anode - an effect that depends on the
surface charging relation of the (supported) electrocatalyst
material and the corresponding local reaction environment
established.**

The HER takes place at the negatively-charged cathode.
When hydrated extra protons (hydronium ions) are available
in significant concentrations in acidic electrolytes, they are the
preferred reactant and are reduced, eventually leading to the
formation of a hydrogen molecule from two protons and two
electrons. However, in neutral and alkaline media, the concen-
tration of protons is negligible compared to that of water, and
the reduction of H,O molecules prevails. The HER requires two-
electron transfer steps, whereas the OER comprises at least four
steps, typically proton-coupled electron transfer (PCET) steps,
and three reaction intermediates. The more complex reaction
pathway of the OER causes a higher overall activation energy,
thus resulting in the more sluggish reaction kinetics. Rationa-
lising the complex reaction behaviour of the OER requires
detailed mechanistic models and analytical concepts that will
be discussed below.*”*?

The energy efficiency of the water splitting reaction is
defined as the ratio of the thermodynamic equilibrium cell
voltage, Ueq = 1.229 V in standard conditions, to the real cell
voltage, U..;;, measured at T,P,j operating conditions. Uy is the
sum of the thermodynamic equilibrium cell voltage, the over-
potentials that stem from charge transfer reactions on anode
and cathode sides, and ohmic losses due to ion migration in
the electrolyte phase, and from other parasitic losses, e.g., via
convection or diffusion or other metallic cell components, i.e.,
overall U = Ugq + >_|;].* For example, when Ueey = 1.8 V, this

1

yield an efficiency e = 1.229 V/1.8 V x 100 = 68.3% at the
operating conditions of interest (assuming that the effect of
operating temperature and pressure on Uq can be neglected).
Note: The specific energy consumption at U, (under standard
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equilibrium conditions) is equal to 2.94 kW h m ™~ H,/, and the
one at U = 1.8 V (a usual PEMWE cell voltage at beginning of
life; j = 1 A em ™2, 60 °C)), is equal to 4.31 kW h m® H,. The
efficiency can also be defined as ¢ = 2.94/4.31 x 100 =
68.3%.7>°% Although the assessment of energy consumption
and efficiency of an electrolyser cell can be quite easily deter-
mined by the overvoltage beyond the theoretical equilibrium
voltage (assuming 100% faradaic efficiency), knowing the over-
potential losses from different cell components (anode, cath-
ode, electrolyte) and energy loss processes (HER, OER, ion
migration, diffusion) is a more precise methodology, that
would enable to isolate/mitigate the cell limitations.

In the following, we will briefly discuss basic concepts and
important parameters that determine the response functions
between the electrode potentials, Eogr (anode) or Epgr
(cathode) or total electrode overpotential, nogrmer = ForrHER —
Ecq,0ermER, and the cell current density, j. This response function,
also referred to as polarisation curve, is the characteristic function
of an electrochemical cell.

The condition of electrochemical equilibrium for individual
electrode configurations or electrochemical cells can be devel-
oped from the very basic concepts of electrochemical thermo-
dynamics that are well-covered in numerous textbooks.**>">
The interested reader could find a concise treatment of the
equilibrium thermodynamics of electrochemical cells in the
chapter “Basic Concepts” of ref. 53 and recent extensions for
nonequilibrium thermodynamics at high currents in ref. 54.

The flow of electric current influences the electrode poten-
tials at anode and cathode for three reasons. Firstly, the
kinetics of charge transfer at electrochemical interfaces is
kinetically hindered and thus proceeds at a finite rate. A
sufficient overvoltage must be applied to accelerate the charge
transfer rate to the value required for achieving the target
current density. Secondly, in order to supply electroactive
species to the interface at the rate, at which they are being
consumed, mass-transport limitations or resistances must be
overcome. In water electrolysis, relevant transport processes
involve charged ionic species, i.e., hydronium ions or hydroxide
anions, and the voltage loss incurred by their transport require-
ments in liquid electrolyte, or polymer electrolyte membranes
(AEM or PEM) and ionomer-impregnated electrodes, is
described by Ohm’s law that implies a linear relation between
voltage loss and current density. Thirdly, the electronic con-
ductors present on both sides of the interface cause further
ohmic potential losses.

Depending on the value of the electrode potential relative to
the equilibrium electrode potential, either the forward reaction
or the reverse reaction of each electrode reaction is slowed
down or accelerated. In this way, at the anode, the oxidation
half-reaction will be accelerated by an electrode potential that
exceeds the equilibrium potential of the OER, nogr = Eogr —
Ecq0rr > 0, and at the cathode the reduction half-reaction will
be accelerated by an electrode potential that is smaller than the
equilibrium electrode potential of the HER, §ugr = Enrr —
Ecquer < 0. For an electrolysis cell, the terminal cell voltage is

increased relative to the equilibrium cell voltage, U(I) > Ueq,
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by a sum that includes the absolute values of the electrode
overpotentials, terms due to ohmic transport of ions and
electrons, and other transport losses.

At practically-relevant current densities of water electrolysis,
the evolution of oxygen and hydrogen involve the nucleation,
growth, detachment and transport of gas bubbles. These pro-
cesses cause further increases in the voltage losses associated
with the reaction kinetics and ion transport. Bubbles that are
attached to the catalyst surface diminish the effective activity
and bubbles present in the electrolyte increase the ohmic losses
associated with ionic transport in the electrolyte.

As stated above, the overpotential is connected to both the
kinetics of charge-transfer and mass-transport. In the most
rudimentary form, overvoltage’s associated with the electrode
kinetics can be related to the current density at an electrode by
the Butler-Volmer equation,

j=Jo [GXP <z—§n) — exp (%nﬂ ~ @)

This equation, even though hugely oversimplified, serves to
introduce the two crucial parameters that, at a level of pheno-
menological theory, define the electrochemical properties of an
electrocatalyst material: the intrinsic exchange current density, jo,
and the electron transfer coefficient o. Here, R = 8.31 ] (K mol) ™" is
the ideal gas constant.

It should be noted, that albeit being well-known and widely
used, the form of the BV equation provided above, is valid only
for single outer-sphere electron transfer processes with com-
plete elimination of any mass-transport effects — conditions
that are hardly ever encountered in any technogically relevant
electrochemical cell. In the more general case that applies to
complex multistep reactions and to conditions with significant
mass transport effects, which come into play when the absolute
value of the overpotential  is large (5 > RT/F), the form of the BV
equation could be - in principle - retained, but only the term
with positive argument of the exponential function needs to be
considered at the particular electrode considered (corresponding
to the so-called Tafel behaviour). Moreover, due to mass transport
effects, local concentrations of reactants (electroactive species) at
the electrode surface must be accounted for, which depart
significantly from the bulk values or the concentrations provided
in external reservoirs. The relations between current density and
overpotential in these general cases are:

.. RO o F
J=Jsar ]g*)exp( ;"T

0(0) %P
0 eXp( RT

n) (anode) and
)

j= fjgteff n) (cathode),

where R(0) is the local (meaning: at the electrode surface)
concentration of the reduced electroactive species and O(0) the
local concentration of the oxidised electroactive species, with R*
and O* being the corresponding bulk or reference values. While
the form of these equations resembles that of the BV equation,
they will be the results of detailed derivations based on the
microkinetic modelling of reaction mechanisms that accounts
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for the full complexity of relevant reaction mechanisms and
pathways.

Looking deceptively simple in the form of eqn (2), the
multistep character of reactions of interest in water electrolysis,
especially the OER, will be hidden in two effective parameters
(only considering the anode side here): the effective exchange
current density, j§ ., and the effective transfer coefficient, age.
For the latter parameter, we may also introduce the Tafel slope,

p= AT

Ofefr
and the solution was cast into the form of eqn (2). The
formalism was generalised in ref. 47, where the concept of a
rate-determining term was presented and applied to the case of
the OER. The detailed analyses provided in these recent works
unravel the impact of the multistep character of ORR and OER
and they reveal the price paid by casting the relation between
current density and overpotential into the form of an “effective

. . RT
BV” equation: the two effective parameters j3/s¢ and b = ——

i F
exhibit strong dependencies on electrode potential (or over-
potential), ¢f. Fig. 6 in ref. 48. In the case of jj ¢ for the ORR,
this dependence amounts to a variation by 10 orders of magni-
tude over the potential range relevant for the ORR. The Tafel
slopes needed in eqn (2) vary in the range between 24 mV dec ™"
at small overpotential and 120 mV dec " at large overpotential,
as revealed by the analyses based on microkinetic modelling
and also found in good agreement with experimental observa-
tions for ORR*® and OER.*” Any student or scholar who is
beginning to scrutinise the vast experimental literature on the
ORR (or OER) is likely to make a confusing experience: reported
values for the exchange current density for this reaction seem to
be inconsistent and varying by large factors across the literature
screened. Ultimately, the multistep nature of the reaction and
the oversimplification involved in forcing the complex kinetics
of such a process into the form of eqn (2) is responsible for this
frustrating experience. Given the strong dependence on the
potential of the effective exchange current density and Tafel
slope, it is expected that the values found from a Tafel-analysis
will be highly sensitive to the range of electrode potentials
considered for the fitting of experimental data.

To summarise, the HER and, to a very certain degree, OER
are defined by charge transfer kinetics more than by thermo-
dynamic restrictions and contribute mainly to the surplus of
cell voltage which must be supplied by an external power source
in addition to the theoretical decomposition voltage.>®> The
reactions are not severely mass-transport limited in a well-
designed cell, except if bubbles are poorly managed, in parti-
cular in AWE.***” Besides compensation of activation barriers
at the anode and cathode side caused by charge-transfer
limitations, the overall overpotential results from solution
and contact resistances. Activation barriers can be reduced by
exploiting improved electrocatalysts suitable for OER and HER,
whereas a clever cell design can substantially reduce Ohmic
and mass-transport resistances.

Several reviews are discussing mechanisms of OER and
HER.*®"®! Different preparation methods for the generation of

. A microkinetic model of the ORR was solved in ref. 48

Chem. Soc. Rev,, 2022, 51, 4583-4762 | 4589


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0cs01079k

Open Access Article. Published on 16 2022. Downloaded on 21.09.2025 16:25:52.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

the same metal oxide may lead to different metal oxide struc-
tures, leading to other pathways for the OER and HER. The
following section discusses reaction pathways and mechanistic
details of OER and HER for heterogeneous water electro-
catalysis. They are not easily transferable to homogeneous catalysts
(molecular systems)®* or atomically-dispersed catalysts.®*

2.1 Basic mechanisms of the oxygen evolution reaction

Pioneering studies by the groups of Hoare, Bard, Bockris,
Conway, and several others®*°® showed that the voltage neces-
sary to produce oxygen on a metal surface is related to the redox
potential of the metal/metal oxide couple. In other words, even
in the case of noble metals, no oxygen can be released from the
surface if the corresponding metal oxide is not formed. As was
confirmed by recent studies, the OER generally occurs on the
hydroxide, oxyhydoxide or oxide layer formed in situ on the
surface of the electrocatalyst.®®

The two generally accepted pathways for the OER in acidic
conditions are the Eley-Rideal (ER)-type and the Langmuir-
Hinshelwood (LH)-type adsorbate evolution reaction (AEM)
mechanisms, illustrated in Scheme 1(a). The difference
between the former (aka acid-base OER) and the latter (aka
direct coupling OER) is in the O-O bond formation step.””"
The OER reaction sequence is in all aqueous media initiated by

OH OH
0,+H +e M-0-M
+0OH *+ e
+H,0 % el
oH H,0 +e
SOl
ER-type O OH
00 OH M-0-m
1-0-1 AEM
M-0-M +OH
H,0 +e
H + e o € (+ H;0)
qu CI)H H*+ e
M-0-M
00 om0 o-g o o
M-0-M M-0-M M-0-M
LH-type AEM
(c)
H, — +H*+e"
+HO+e
H2 OH-
i Volmer- -
Tafel

+H,0+e
\ y+w+e—
HH
™

(a) The acid—base and direct coupling adsorbate evolution reaction mechanisms of OER in the acidic (blue) or alkaline (red) medium. (b) The

Scheme 1
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the formation of metal hydroxide intermediates (MOH) subse-
quently converted to metal oxide species (MO). The formation
of dioxygen starting from MO can occur through two different
pathways. Either two MO centers are involved, directly splitting
off dioxygen, or one MO intermediate reacts with water (acidic
condition) or with OH™ (alkaline or neutral condition) to give
a hydroperoxide species that decompose under release of
dioxygen.”” The nature of the OER mechanism strongly depends
on the nature and structure of the catalyst at stake and any “easy
generalisation” appears awkward, the same holding (if not more
so) for the kinetics of the reaction. Both ER- and LH-type OER
mechanisms involve four steps starting from the transformation
of adsorbed OH (OH*) to O*, which results in the oxidation of
the metal site.

The ER-type AEM mechanism assumes single metal cation
active sites; thus, in the second step, O* undergoes the nucleo-
philic attack of the active first water molecule, resulting in the
formation of OOH*. In the third step, OOH* further oxidises to
OO0*, which is released in the last step in the form of O,,
providing the free surface site for the next cycle, starting with
the adsorption of another water molecule. The LH-type AEM
mechanism, on the other hand, assumes two adjacent metal
cation active sites. Therefore, in the second step, OO* is formed
between two O* species via the direct coupling of two

(b)

on 0
O-M-O O_M_o

+OH
H,0 + e
e
OH  |1OM o,+e

o0 +OH O-M-VAC

H,0
+0H- e
i

0-M-0

* Adsorbate Evolution Mechanism (AEM)
* Lattice Oxygen Mechanism (LOM)

Acidic and alkaline conditions

(d)

H,

o
+H,0+e H*+ e~
H,
OH-
H - H
e Volmer . -
- Heyrovski
+OH-
+H,0 +e
H*+e” H*/H,0
E H
—h

lattice oxygen mechanism of OER in alkaline medium. (c) The Volmer—Tafel HER mechanism on the electrode surface in acidic (blue) or alkaline (red)

conditions. (d) Volmer—Heyrovsky mechanism of the HER.
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neighbouring oxidised surface metal sites. Likewise, in alkaline
conditions, the ER-type AEM involves the evolution from
OH™ reactant to OH*, O*, OOH*, OO* intermediates to O,
product on a single active metal site, while the LH-type AEM
assumes that two adjacent metal sites are involved.”> As
reviewed in ref. 71 the ER-type mechanism is reported for
Ru-based catalysts,”"”* while there have been reports on
LH-type mechanisms for Co-based catalysts,””*

Pathways in AEM assume proton-coupled electron transfer
(PCET) for all steps. For catalysts favouring these routes, the
OER overpotential becomes pH-independent in the RHE scale,
the case reported for Ir oxide catalysts.”® In contrast, the lattice
oxygen mechanism (LOM) proceeds via non-concerted proton-
electron transfer steps involving both the metal cation active
site and the lattice oxygen. One proposed path for LOM involves
five intermediates, viz. M—OH, M-O, M—-OOH, M-00, and M-Y
(O represents the lattice oxygen), as illustrated in Scheme 1(b).
In this picture, LOM is like LH-type AEM because both bypass
the OOH* formation step. However, it differs from AEM in
generating a vacant oxygen site upon the desorption of molecular
oxygen from the surface. The non-concerted proton-electron
transfer in LOM gives rise to pH-dependent OER kinetics, the
phenomena observed in certain perovskite electrocatalysts”” as
well as Ni oxyhydroxides.”®”® On the other hand, for RuO, (110),
the lattice oxygen is not involved in the OER.*

2.2 Basic mechanisms of the hydrogen evolution reaction

The HER is one of the most extensively studied electrochemical
reactions due to its relative simplicity and its direct industrial
relevance, not only in water electrolysis but also in chlor-alkali
operations. In contrast to the sluggish kinetics of the OER and
ORR,*"®* the kinetics of the HER on noble metal (platinum
group metals, PGM) electrodes are much faster so that practical
current densities (>1 A cm™2) are possible at a few tens of
millivolts overpotential.®*"®> The only exception is HER in an
alkaline media (even on PGM surfaces*>®®). The first investiga-
tions that aimed to clarify the mechanism of the HER on metal-
based surfaces focused on nickel and date back to the early
1950s.*” The reaction sequence of the HER begins with the
adsorption of a proton in case of acidic conditions (M-H") or a
water molecule in neutral or alkaline environment (M-HOH),
followed by reduction of adsorbed water molecule/proton to
form M-H* (and release OH in case of the reduction of
chemisorbed water). From this point onwards, two possible
follow-up steps can be distinguished:*® (1) the combination of
the chemisorbed H,4q with another chemisorbed H*, referred to
as the Tafel step, which leads to the chemical desorption of
H, a4, Or (2) electrochemical reaction of the chemisorbed proton
with another proton or water molecule from solution, referred
to as the Heyrovsky step, followed by further electrochemical
discharge and desorption of H,. The former sequence of steps
corresponds to the Volmer-Tafel mechanism® whereas the
latter is known as the Volmer-Heyrovsky mechanism.’®**
Scheme 1(c) and (d) illustrates the two pathways for the HER
under acidic and alkaline conditions, i.e., the Volmer-Tafel and the
Volmer-Heyrovsky mechanisms, respectively.”>*® Both pathways
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start with the Volmer step, in which an electron transfer from
the electrode is coupled with proton adsorption on the catalyst
site to form an adsorbed H atom,

H' + e~ — H* (in acidic electrolyte) (3)
H,0 +e — OH + H* (in alkaline electrolyte)  (4)

Hydronium ions (H;0") and water molecules are the source
of protons in acidic and alkaline electrolytes, respectively. Next,
in the Volmer-Tafel mechanism, the Tafel step combines two
H* on adjacent sites to form H,, i.e.,

H* + H* — H, (in acidic and alkaline electrolytes) (5)

In the Heyrovsky step of the Volmer-Heyrovsky mechanism,
H, is formed via direct interaction of the H* atoms with protons
(in acidic) and water molecules (in an alkaline environment),

H* + H' + e~ — H, (in acidic electrolyte) (6)
H,0 +e” — H, + OH  (in alkaline electrolyte)  (7)

Scheme 2 displays the reaction steps according to both
mechanisms for the hydrogen evolution carried out in the
acidic regime. The occurrence of one or the other HER mechanism
depends on operating parameters, including the pH, the electrode
potential, and the nature and structure of the electrode
considered.” To date, nickel remains the most popular base metal
for HER (and HOR) in an alkaline environment and is under
extensive focus by the research community.”>

Based on Scheme 2, one can easily understand that the
M-H* bond strength will influence the catalytic activity of metal
towards the HER. On the one hand, a substantial strength is
required to support the formation of the M-H* bond, the first
step that initiates the reaction sequence (Volmer). On the other
hand, too strong M-H bonding is counterproductive, as che-
misorbed intermediates or product species will not be easily
released from the surface, thereby causing a surface blocking
effect. This is the case for reduced Ni surfaces, which bind H,q
too strongly,”* whereas oxidised Ni surfaces present an inter-
mediate and thus more “optimised” Ni-H bond strength that is
beneficial for fast HER/HOR. Investigations confirmed that the
catalytic activity toward the HER is correlated with the strength
of the interaction between the catalyst surface and adsorbed
hydrogen. At low overpotentials (at which HER usually occurs),
the slope of the current-voltage curve is proportional to the
exchange current density j,. Exchange current densities for the

M + H* > M-H*
M-H* + &"=> M-H

Volmer-Tafel
mechansim

Volmer-Heyrovsky
mechansim

Tafel step: 2 M-H > H, (g) +2 M Heyrovsky step: M-H + H* > M-H-H*

M-H-H*+e > H,(g) + M

Scheme 2 The mechanism of the hydrogen evolution reaction in an
acidic medium.
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Fig. 3 A common phenomenon in chemical catalysis is the volcano
relationship between the catalytic activity of a particular reaction on the
ordinate (on a log scale) and an activity descriptor on the abscissa. It is
found that for a given reaction carried out on a variety of catalysts, the
rates on each catalyst can be plotted so that they pass through a
maximum. What is plotted on the abscissa varies, but it is always a function
that includes a property of the catalyst (e.g., heat of sublimation, bonding
strength of a reaction intermediate to the catalyst material). The volcano
behaviour of the exchange current density of the hydrogen oxidation
reaction vs. M=H bonding strength is generally valid for pure metals in
acidic solution and was first determined by Trasatti 97. The noble metals Pt
and Pd demonstrate exceptionally high activity, with Ni as the most active
non-precious metal. Reproduced with permission from ref. 98 Copyright
1972 Elsevier.

HER on pure metals in acidic media have been reported in a
plethora of experimental studies, as collected and famously
reported by Trasatti in ref. 98. Plotting these values against the
metal-hydrogen bond strength revealed a characteristic beha-
viour that is known as the “volcano” curve (Fig. 3) and expected
based on the Sabatier principle:***°° the HER activity increases
to a peak value obtained at medium bond strengths (Pt, Rh, Ir)
then decreases again towards higher bond strengths. It should
be mentioned at this point that the Trasatti volcano is only
applicable to acidic media and requires an exchange current
density correction for Pt."""

Pt group metals (PGM) are the most effective materials to
catalyse the HER in acidic and alkaline conditions. Among the
non-PGM class, sulphides, phosphides, carbides, and borides
have shown promising HER activity, and these will be reviewed
in the forthcoming sections.

In alkaline electrolysers, non-precious-transition metal oxi-
des such as Co-, Ni-, and Fe-based materials are stable and
active towards the OER (see Section 7), with Ni-based oxyhydr-
oxides (NiO,H,) being among the best-performing OER cata-
lysts under alkaline conditions. In situ surface spectroscopy
study by Diaz-Morales et al. suggests a pH-dependency of the
OER at NiO,H, materials, based upon which a mechanism
was proposed that involves a non-concerted proton-electron
transfer step. pH-Dependence at RHE scale is linked to surface
deprotonation and formation of negatively-charged surface
oxygen species, NiOO-, that are involved in the OER. DFT
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studies of the OER mechanism on B-NiOOH(0001) revealed
the involvement of lattice oxygen in the mechanism; however,
despite the experimental observation, PCET was assumed for
all steps. A more recent experimental investigation by Koper
et al. reported the effect of electrolyte alkali metal cations on
the OER activity of these materials:”® the interaction of cations with
negatively-charged surface oxygen species (NiOO ™) stabilises cations
on the surface. A thorough modelling investigation by Huang et al.
explains the decrease in OER activity with the increasing effective
size of electrolyte cations by a cation overcrowding-effect near the
negatively-charged electrode surface.'*

Incorporating Fe into NiO,H, materials, either intentionally
via doping or incidentally due to iron ions formed during
fabrication or operation of the electrochemical cell and enter-
ing the catalyst layer as impurities, significantly increase their
OER activity.'®'°* Controversial explanations were proposed to
understand the role of Fe. From the simulation point of view,
the controversy can originate at different levels. As an example,
the well-known experimental-theoretical investigation by Frie-
bel et al. observed the OER dependence on the Fe content and
proposed Fe** as an active site in y-FeNiOOH(0112).'% First,
the choice of surface termination for the DFT study was
explained based on its high activity; however, the (0001) facet
is known to be the thermodynamically most stable facet; unlike
on the high index facet, the mechanism of OER on the (0001)
facet involves lattice oxygen.'®® The calculations were per-
formed in the gas phase; it is, however, known from studies
using the DFT+U approach that water strongly interacts with
NiOOH surfaces.'””'°® The calculations in ref. 106, were per-
formed at the PBE+U level, although it was shown that the
PBE+U does not correctly describe the electronic structure of
NiOOH and significantly underestimates the bandgap of the
material.'” The y-phase of FeNiOOH under OER conditions
involves intercalated water and ionic species; Friebel et al
approximated the y-phase with 50% dehydrogenated B-phase
to obtain an average oxidation state of +3.5 consistent with
v-phase. Most importantly, the computational hydrogen electrode
scheme was used to generate the OER energy diagram assuming
that all steps involve PCET. However, there is experimental
evidence against this assumption for this material. For example,
similar to the conclusion by Koper et al.,”® Gérlin et al. proposed a
decoupled proton transfer-electron transfer scheme involving
negatively-charged oxygenate ligands generated at Fe centers.''®
In another study, Trotochaud et al explored the activity-
dependence of FeNiOOH on the film thickness. They proposed
that Fe induces a partial charge on Ni activating it for the OER.'**
At variance, Xiao et al. presented that O-O coupling at Ni-sites is
involved, which requires the synergy from the mixed Ni-Fe site.'"*
Mossbauer spectroscopy study indicated the formation of Fe**,
but its role on OER is not clear."** Finally, Qiu et al. suggested that
Fe in NiFe LDHs acts as an agent that creates higher valence Ni in
the created oxyhydroxides under OER conditions, resulting in
enhanced OER properties.'”® These studies suggest that the
phenomenon driving the enhancement of the activity of FeNiOOH
are probably linked to the interplay between Fe and Ni moieties,
even though complete understanding is not fully reached yet.

This journal is © The Royal Society of Chemistry 2022
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In addition to NiO,-based electrocatalysts, bimetallic cobaltite
oxy-/thio-spinels"*'"* as well as perovskite oxides with tuneable
electronic structure properties, have recently attracted interest
due to their promising OER activities.”” For the latter class, the
OER proceeds via the LOM, and the structural changes under
OER conditions lead to the formation of an oxy(hydroxide) sur-
face layer that is highly OER-active.”” In contrast to the conven-
tional explanations of OER activity based on the correlations in
adsorption energies of intermediates, understanding the LOM
mechanism on perovskites requires identifying correlations with
surface reconstruction phenomena.

2.3 Challenges for theory and computation

In the context of PEMWE technology, the key practical question
being asked is: how can the precious metal loading, concerning
mainly Ir as a key component, and the corresponding cost of
this scarce material in anodes for the OER be drastically
reduced while meeting or exceeding performance, durability
and lifetime targets?'*®™**° This specific problem, entails two
general, closely-intertwined challenges: (i) to find a catalyst
material with an ideal combination of high intrinsic electro-
catalytic activity and chemical stability that is also inexpensive and
environmentally-benign,” and (ii) to optimise the design of the
porous composite electrode that accommodates the catalyst'*° to
maximise the statistical utilisation (on a per-atom basis) of the
catalyst and ensure uniform reaction conditions over the entire
catalyst surface dispersed inside of this medium. Using experi-
mental and modelling-based analyses of electrocatalytic perfor-
mance and stability, candidate materials to be used as
electrocatalyst and support can be identified. These pre-
selected materials can be passed on for in-device testing and
fabrication scale-up.

There is thus an intricate interplay of intrinsic catalytic
activity and multicomponent transport that is controlled by
the selection and specifically tuned properties of catalyst and
support materials and the electrode design. Theory and com-
putation are needed to contribute fundamental understanding
as well as modelling-based analytical tools to deconvolute and
quantify different voltage loss contributions caused by ohmic
transport of ions (hydronium or hydroxide ions), electrocatalytic
activation, and gas removal from active catalyst surface sites.
Complicating matters, all of these processes and associated voltage
losses are affected by the dynamics of gas bubble nucleation,
growth, coalescence, detachment, and transport."”>"'** In particu-
lar, the latter aspect calls for game-changing progress in the
rational design of gas-evolving electrodes with rapid gas bubble
detachment and removal, as emphasised by Zeradjanin'**"'** and
Bernt et al.*°

This section of the review article is not intended as a
detailed review of the field of theory and computation in
electrolysis research. Recent reviews and perspectives with a
strong emphasis on atomic-scale simulations exist."*>™*** The
Sabatier principle and the volcano-type relationships that result
from it, are concepts borrowed from the field of heterogeneous
catalysis (i.e., dealing with solid-gas interfaces). Early atomistic
simulations in the field of electrocatalysis (i.e., dealing with
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solid-liquid electrolyte interfaces) have essentially transferred these
concepts over from heterogeneous catalysis. Such approaches have
been remarkably successful'>*'?”12*13% considering the fact that
they neglected essential physics of electrochemical interfaces.
Aspects of surface morphology, ie., addressing differences
between idealized flat surfaces and those that have terraces and
kinks are similar for heterogeneous catalysis and electrocatalysis.
However, in the latter field a detailed theoretical understanding of
the (sub-)nanoscale structure and properties of the electrochemical
interface is needed.*>**'*® To evaluate, compare and select elec-
trocatalyst materials for the OER (or the HER), it is of utmost
importance to understand the local reaction environment that
prevails at the interface (reaction plane) when the electrolysis cell
is operated at a certain voltage. This local reaction environment is
affected by the atomic-scale surface configuration of the catalyst,
by the potential and pH-dependent formation of surface oxides (as
rationalized in the form of Pourbaix diagrams),'*® by the surface
charging relation® and by specific ionic effects.'**"%

This section provides a perspective on what this field currently
can or cannot contribute and along which directions it is advan-
cing. It will survey efforts to devise a theoretical-computational
framework that comprehensively rationalises potential-induced
surface charging phenomena, local reaction conditions, and
microkinetic mechanisms at heterogeneous electrochemical
interfaces and links such efforts with the modelling of transport
and reaction in porous composite electrodes.

2.4 What to expect from theory and computation in the field
of water electrolysis

Theory and computation can support the development of
highly-performing and durable electrocatalyst materials and
electrode media for water electrolysis in the following three
areas: (i) devise a set of theory-based activity and stability
descriptors to steer efforts in materials discovery and inverse
design,"**™*” (ii) employ efficient computational tools based
on artificial intelligence to rapidly search the complex para-
meter space’**** in conjunction with advances in autono-
mous or self-driving laboratories'***¢ and (iii) implement
smart approaches in electrode design and fabrication based
on knowledge of reaction mechanisms, pathways and local
reaction conditions."*”"*®

The local reaction environment (LRE) that prevails at the
catalyst’s surface under real operating conditions plays a cen-
tral role in this endeavour. On the one hand, it is crucial to
understand how the LRE depends on the operating regime, i.e.,
cell current density or cell voltage, and the externally-controlled
parameters such as pressure and temperature - this is the
challenge that porous electrode theory and modelling must
address. On the other hand, the impact of the LRE on electro-
catalytic reaction mechanism and pathways as well as kinetic
rate constants must be rationalised - this task calls for con-
certed efforts in interface theory, microkinetic modelling, and
quantum-mechanical (DFT-based) calculations of energy and
interactions parameters that control surface adsorption states
as well as reactive transformations between them.
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Once the optimal LRE has been determined by connecting
these aspects, electrode design and fabrication will aim to
provide these conditions uniformly over all available catalyst
surface sites dispersed in a porous composite electrode. The
departure from optimally-uniform conditions can be quantified
by calculating the effectiveness factor of catalyst utilisation, as
demonstrated for cathode catalyst layers (CCLs) in PEM fuel
cells.***™**3 For CCLs in PEM fuel cells, well-established hier-
archical models describe the interplay of transport and reaction
at different structural levels, viz. (i) single pore, (ii) mesoscopic
agglomerate of Pt nanoparticles, carbon-based support and
dispersed ionomer aggregates, and (iii) macroscopic porous
composite layer. This interplay determines distributions of
reaction conditions and rates and the net activity of the CCL
for the ORR.>*'* Using these approaches, the effectiveness
factor of catalyst utilisation was found to lie in the range of 5 to
10%; it decreases with increasing current density of operation,
corresponding to higher non-uniformity of reaction conditions
and rate distributions.

An overall effectiveness factor of Pt utilisation in PEM fuel
cells that accounts for statistical utilisation effects was deter-
mined to be even smaller, lying in the range of 1 to 4%.">* For
PEMWE, a similar model-based calculation and assessment of
effectiveness factors in Ir-based anodes have not been made, as
electrode models that account for a hierarchy of transport
and electrokinetic effects in porous electrodes have not been
developed to a sufficient level of sophistication. However, it can
be expected that the overall effectiveness factor of Ir-utilisation
will be about as small, most likely even smaller, due to the less
extensive efforts in CL design for PEMWE and to the fact that
(at least present) IrO, OER catalysts are unsupported and of
larger particle size than present PtM/C-based ORR catalysts in
PEMFCs.

The OER activity in the PEMWE anode is highly dependent
on electronic interactions between the electrode material and
reaction intermediates. Binding energies of reaction inter-
mediates can thus be employed as viable descriptors for the
comparative assessment or ‘‘screening” of electrocatalyst
materials in terms of their activity for the OER. These energies
can be calculated with quantum-mechanical simulations based
on density functional theory (DFT).">*"®

However, other effects related to the electrolyte composition,
i.e., the type of solvent and the types and concentrations of
ions, must be factored in when attempting to rationalise or
predict catalytic activities computationally. These effects deter-
mine the local surface state and the near-surface conditions
in the electrolyte and thereby exert crucial impacts on electro-
catalytic activities of OER and HER.”®'**71®*> DFT-based studies
rationalised the importance of cation effects on the HER
activity of transition metal electrodes,'®® and more recently
for the OER activity of oxide electrodes. >

2.5 Understanding of the local reaction environment

In electrochemistry, theory and simulation of the structure and
dynamics at electrified interfaces between a solid electrode and
an electrolyte are of central importance.'®” The main challenges
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are concerned with understanding how the metal-based electrode
material, the water-based electrolyte, and the complex boundary
region in-between these two media impact the energetics and
dynamics of adsorption and charge-transfer processes, as con-
sidered in a recent review.'®® Specific questions in this context
focus on the following aspects: (i) how do adsorbed intermediates
determine or affect pathways of multistep reactions and
reactivity'®® (ii) How do solvent species and ions in the near-
surface region modulate interfacial properties and local reaction
environment?'*®

The theory of electrified interfaces'®*™'”° is closely interwoven
with theoretical electrocatalysis and charge-transfer theory."”*™'”*
It draws upon large inventories of condensed matter physics,
surface science, heterogeneous catalysis, and chemical kinetics.

First-principles computational methods in electrochemistry,
with density functional theory (DFT) at their core, strive to
decipher the complex relations among the atomic structure and
composition of an electrocatalyst material, the energetics, and
the reaction kinetics of electrochemical processes. Important
steps reveal how surface impurities and chemisorbed species,
including reaction intermediates, affect the pathways of multi-
step reactions and how solvent molecules and ions modulate
interfacial properties and the LRE. Theoretical and computa-
tional approaches are required to provide distributions of the
electric potential, ion concentrations, and solvent orientation or
alignment in the near-surface region of the electrolyte that is
termed the electrochemical double layer. The key response
function or fingerprint of a particular interface configuration
is the surface-charging relation, i.e., the relation between the
excess surface charge density at the metal denoted oy, and the
metal phase potential, ¢y, as explored in ref. 44-46.

Various innovative catalyst designs have helped improve
Ir-based catalysts, the most important element for PEMWEs.
Ir-Ir oxide core-shell concepts,'’* alloys/bimetallic mixed
oxides'”® and inexpensive support materials'’®'”7:*42¢ that pro-
long the lifetime'”® have been explored. The crucial idea is to
enhance the IrOx nanoparticle dispersion and the ratio of the
active surface to the total mass of catalyst."”®

For supported catalysts, the mechanism and strength of
bond formation between nanoparticle and support material must
be investigated. The bond strength between these subsystems can
be tuned by support doping. Electrochemical conditions at the
interface are modulated by the size, shape, and density of
nanoparticles on the support. For systems of IrO, nanoparticles
deposited on antimony-doped tin oxide (ATO), a significant
increase in OER activity has been observed.'”®'7#'4*8 This gain
in OER activity cannot simply be explained as a geometric surface
area enhancement effect achieved with the nanoparticle disper-
sion of the catalyst."””*"#""*?° Understanding the impact of the
oxide support’s physical properties on the nanoparticles’ electro-
catalytic activity is of crucial importance in this context. Explana-
tions found in the literature often invoke a so-called metal
support “interaction”.'”%'827185 Charge transfer properties at the
junction between active catalyst particle and electronic support
may also be affected by a Schottky-type barrier. This resistive effect
could exert a significant impact on the electrocatalytic activity.'*®
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The origin of this MSI effect has remained poorly under-
stood and thus controversial."”®'%* Electronic equilibration in
the catalyst-support system is supposed to play an important
role.'®7%° However, a consistent explanation should also
account for simultaneous electrochemical equilibria at interfaces
between metal, support material, and electrolyte."®” To date, the
complex problem of the coupled electronic and electrochemical
equilibria at the heterogeneous particle-support surface has not
been solved.

2.6 Theoretical-computational workflow to decipher the OER

Over the last two decades, the DFT-based method, known as the
Computational Hydrogen Electrode (CHE),** has found wide
application in the electrocatalysis community as a convenient
tool to identify activity trends within a certain class of catalyst
materials, including those for transition metals, alloys, or oxides
for the OER,"*"'21 and the HER."*°* Despite its assump-
tions and drastic simplifications to the real electrocatalytic
system, this scheme has also been the standard approach to
determine the stable interface structure under varying electro-
chemical environments, ie., for generating surface Pourbaix
diagrams under the OER/HER conditions,'**"**"** as well for
the identification of active sites'® and the mechanistic under-
standing of reaction mechanisms."*®

However, the main challenge in theoretical and computational
electrocatalysis is to move beyond commonly-made simplifying
assumptions of the interface problem, such as those made in the
CHE scheme. A systematic workflow to proceed in studying OER/
HER is illustrated and described in Fig. 4.'°> The approach
combines DFT calculations with microkinetic modelling and the
electric double layer theory to address the major complexities at
the interface, including the nonlinear solvent polarisation and ion
size effects, chemisorption and induced surface dipole effect and
surface charging relation.®*®'°> The microkinetic modeling expli-
citly treats all elementary steps of the reaction and it rationalizes
the effects of reaction intermediates and their surface coverages on
the effective kinetic rate of the overall reaction, as worked out in
detail in ref. 47 and 48.

Pinpointing the most stable interface structure under relevant
reaction conditions is an essential prerequisite to unraveling the
local reaction environment for OER or HER and a requirement
in connection with the studies on the kinetic processes
involved in surface reactions. Therefore, the first step of the
workflow combines the surface slab calculations in periodic
DFT with thermodynamics to generate surface Pourbaix
diagrams.'®* Here, the Gibbs energy change associated with
the formation of a specific surface configuration is given by,
Ay = %(AGuGI — Zn,ﬁ[), where, AG* is the change in the

1
Gibbs free energy due to adsorption, ji; is the electrochemical
potential of ions in the electrolyte, and n; is the number of
adsorbed species of type, i In this picture, the change in
the adsorption Gibbs free energy is approximated by, AG*® ~
AE* + AZPE — TAS. Here, AE*? is the adsorbate binding energy
calculated from DFT; AZPE, and TAS are the zero-point energy
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entropy correction terms. ZPE is calculated from the harmonic
oscillator approximation of adsorbates, and the total entropies
for solvent are typically adopted from standard thermodynamic
tables, while only the vibrational entropy contributions are
accounted for the adsorbates.'*®

The grand-canonical variant of the CHE assumes that the
electrode and the electrolyte are thermodynamic reservoirs for
electrons and ions, respectively, whereas the reference system
typically corresponds to the standard hydrogen electrode (SHE).
At standard conditions, molecular hydrogen in the gas phase is
in equilibrium with the solvated proton and the electron,
%H%as =Ht +e.

Therefore, for a proton-coupled electron transfer (PCET)
step in thermodynamic equilibrium, the -corresponding
chemical potential of hydrogen in the gas phase is equal to
that of a proton-electron pair.®* This way, one could refer the
potential to the SHE or RHE scale and use the calculated gas-
phase energy of molecular hydrogen to avoid the calculation of

the proton solvation energy in water,
Lo L)
s + fe = FHH, ~ eUsyg — kg TIn(10)pH = S, — eURHE.

Therefore, the electrode potential, U, and pH enter the equili-
brium expression of Ay to account for deviations from the
standard conditions. In thermal equilibrium, the most stable
adsorbate structure is determined from the lowest Ay at a given
potential and pH; hence the Pourbaix diagram is constructed as
shown in the first step in Fig. 4. Besides applying the CHE in
the PCET processes, it can be applied to any solvated ionic
species for which the standard potential exists."®”

The second step of the above scheme entails calculating the
Gibbs free energy change of each elementary step of the OER/
HER and constructing the most favourable reaction pathway
under standard conditions. The reference surface structure for
this step should be obtained from the output of the first step.
For quasi-equilibrium conditions at zero overpotential, all
reaction intermediates forming under electrochemical condi-
tions should have higher energy than the reference surface.'*®
The theoretical overpotential is then obtained from the step
with the highest value of the reaction Gibbs energy,

max(AG1,AG2, AG3, AG4)

e

Nin = — 1.229(V).

So-called Volcano-type plots, based on the Sabatier principle,
can be obtained by plotting #y, as a function of a simple descriptor
like the adsorption energy of the critical intermediate***'° For the
OER, the adsorption energy of OOH* and OH* intermediates are
linearly correlated, known as the scaling relation. Due to this
universal correlation, the binding energy of these intermediates
cannot be varied independently on the catalyst surface.'®

The computational approaches described so far have been
employed to rationalise the impact of materials modification
strategies that aim to break the scaling relation at the interface
and thereby reduce the overpotential. Surface alloying or doping
the oxide material with a second metal provide different active
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Fig. 4 A theoretical-computational workflow to decipher the OER. Step 1. A DFT-based grand-canonical approach is developed to identify the surface
adsorption state under relevant electrochemical conditions, i.e., through computing the surface Pourbaix diagram.l°® Step 2. The OER reaction
mechanism is identified and the Gibbs free energy diagram is generated using periodic DFT calculations.*%? Step 3. A microkinetic model is formulated to
obtain an expression for the net reaction rate.}°2 Step 4. The electrochemical interface model is solved to obtain the metal charging relation.*® The fully
parameterised approach provides as output mechanistic insights as in Step 5 and 6, e.g., the rate-determining term in the net reaction rate;*’ a
descriptor-based activity assessment for materials screening; and effective parameters like Tafel-slope or exchange current density to use in porous
electrode models.'¢®

sites for optimal binding of key intermediates and thus breaks electrode potential determines not only the electronic proper-
the scaling relation for an increased catalyst activity. In a recent  ties of the electrode but also the surface adsorption state and
theory-experiment investigation, the cationic substitution of surface charging effects, the orientation of interfacial water (or,
IrO,(100) with Ni was reported to enhance the OER activity of the  generally, solvent) molecules, the local pH, and ion concen-
catalyst."*> Rossmeisl and co-workers have shown this effect on Ru  tration distributions.*® The activation energy of elementary
by incorporating Ni or Co into the surface."*® Buvat et al. reported ~ steps typically depends on the electrode potential. However,
an activity-dependence caused by the orthorhombic distortion of the CHE scheme and its variants do not account for the
the tetragonal IrO, due to the mismatch between the substrate and dependences of the interface properties mentioned above on
the catalyst thin-film at different temperatures.**® Other strategies electrode potential.>*® Moreover, the adsorbate-induced dipole
include altering the electrolyte by adding promoters like cations,”®  field interaction, which is neglected in the CHE, is critical for
engineering the active site by designing novel catalysts like nano- identifying the rate-determining step of reactions that involve
frames,**" or applying interfacial nanoconfinement.>*® intermediates with adsorption energies sensitive to the inter-
The fundamental challenge for first principles studies of facial electric field.>** Additionally, statistical averaging over
electrocatalytically active interfaces is to exert control over the many electrolyte configurations should also be considered, as
electrode potential, as the crucial parameter controlling struc- proper accounting for the interaction of the adsorbate with
ture and dynamics at the interface region between electrode solvent is critical in specific reactions.”®
and electrolyte. The electrode potential is not an explicit vari- Other recently presented first-principles schemes to simu-
able in DFT calculations within the CHE scheme.®”'*® The late the local reaction condition at electrified interfaces include
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extrapolation of the unit-cell in periodic slab-type calculations to
infinite size to eliminate finite-size effects on activation and
reaction energies of charge-transfer reactions,”***” compensat-
ing charge and explicit consideration of a reference electrode to
simulate the applied potential,>®® an explicit treatment of elec-
trified interface with ab initio molecular dynamics simulations,”
effective screening medium combining electronic DFT with
mean-field theories and continuum solvation for the electrolyte
region,”®>*"" and grand-canonical density functional theory
(GC-DFT) that combines electronic and classical DFT for different
regions.*'>?"?

However, these methods do not account for polarisation
effects induced by chemisorbed partially charged adsorbates and
charge delocalisation. At potentials that depart significantly from
the nominal potential of zero charge, the electrostatic charging
and polarisation properties of the boundary region may respond
in a non-linear and, possibly, non-monotonic fashion to changes
in electrode potential, invalidating approaches based on linear
potential extrapolation. The non-linear charging effects modify
surface electronic states, short-range electronic interactions with
near-surface species, adsorption strength or orientational order-
ing of polar solvent molecules.*"* For ionic and molecular species
in the near-surface region of the interface, ensemble averaging
and the choice of the water model are critical aspects to consider,
which may require using ab initio molecular dynamics for this
specific region.'?”?%

In the past few years, a concerted theoretical-computational
framework for modelling interface properties and electrocata-
lytic reactions has been developed. It combines DFT-based first-
principles calculations, a mean-field type model of the double
layer, and a microkinetic model for the multistep kinetics of the
particular reaction under investigation. DFT calculations are
used by this framework to calculate adsorption energies of
intermediates or reaction energies of proton-coupled electron
transfer steps in the reaction sequence; moreover, DFT studies
yield chemisorption-induced surface dipole moments.>'*> The
mean-field model of the double layer considers dipolar effects
due to chemisorption of oxygen species, solvent orientational
polarisation, and ionic effects in the electrolyte.*® A more recent,
extended theoretical approach explicitly couples the mean-field
treatment of electrolyte effects (including solvent, ionic and
electronic degrees of freedom) with electronic degrees of free-
dom in the metal, which are treated at the level of Thomas-
Fermi-Dirac-Wigner theory of inhomogeneous electron gas,
and it treats the impact of specific ion adsorption at the level
of the Anderson-Newns theory.**

The mean-field double layer model yields the local reaction
environment (LRE) required for the microkinetic model. In the
microkinetic model, the reaction rate of each elementary reac-
tion step is formulated using the Frumkin-Butler-Volmer the-
ory. The microkinetic model is parameterised with conditions
that define the LRE, viz. reactant and ion concentrations, pH,
and electrolyte-phase potential. The reaction free energy of
each elementary reaction step is obtained from DFT calcula-
tions, with proper modifications such as considering lateral
interactions between reaction intermediates.

This journal is © The Royal Society of Chemistry 2022
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The coupled approach described in the preceding paragraph
solves in a self-consistent manner for (i) the coverage variables for
the reaction intermediates, which are obtained from the solution
of the microkinetic model under the steady-state condition;
(ii) the chemisorption-induced surface dipole moment, using
coverages of reaction intermediates obtained in the previous step
and the value of the elementary dipole properties to be obtained
from specific DFT calculations; and (iii) the electrolyte properties
(LRE) in the interface region (ion density and potential distribu-
tion, solvent density and alignment) using the mean-field double
layer model. Closing the self-consistency loop, (iv) the LRE
obtained as the output of the double-layer model is used as
input for the microkinetic model, which in turn defines the
boundary condition for the double-layer model. The resulting
surface charge density calculated from the double layer model
impacts the binding energies of reaction intermediates, defining
another coupling effect that the approach solves self-consistently.
Solving the coupled model at a series of electrode potentials, one
can build a closed system of relations between the microscopic
parameter space of catalyst composition and interfacial proper-
ties and the macroscopic parameter space of the effective electro-
catalytic activity for the reaction of interest.

The capabilities of the concerted approach that self-
consistently integrates DFT-based first-principles calculations
for parameterisation of microscopic mechanistic parameters, a
mean-field type model of the double layer, and a microkinetic
model for the multistep kinetics were demonstrated in ref. 48
for the oxygen reduction reaction (ORR) at Pt(111). In ref. 47
and 102, the approach was applied to the OER.

The approach rationalises contributions of terms consisting
of different sequences of elementary steps to the net rate of the
reaction. This analysis led to the identification of a rate-
determining term (RDT) as a new mechanistic concept to assess
and compare the activity of electrocatalyst materials.

The RDT concept incorporates detailed microscopic infor-
mation about the kinetics and thermodynamics of multistep
electrochemical reactions. It represents a generalisation over
more widely-known albeit simplified reactivity concepts such
as the rate-determining step (RDS),”'**"” a well-established con-
cept in chemical kinetics, or the potential-determining step
(PDS),?>138218:219 gpecifically developed for the field of electro-
catalysis. Both the RDS and PDS concepts, which have been
employed in the past to guide comparative materials assessment
and screening, start from a premise that a single elementary step
could be identified that determines the net rate of the overall
reaction. This premise is, however, usually overly reductionist,
and it fails to capture vital details of multistep reactions. Using
RDS and PDS concepts could, therefore, mislead searches for the
most active electrocatalyst material for a particular reaction, as
demonstrated in the volcano plots in Fig. 4 and 6 of ref. 47.

The detailed deconvolution of contributions of microscopic
elementary steps and reactions pathways to the overall rate of
the multistep reaction allows effective kinetic electrode para-
meters, such as the Tafel slope and the exchange current
density, to be calculated as functions of electrode potential.
Predictions for potential dependences of the Tafel slope were
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found to be in agreement with experimental data for the ORR*®
and the OER.*” Exchange current densities calculated from the
fully parameterised model in ref. 48 exhibit a variation by more
than ten orders of magnitude over the potential range relevant
for the ORR.

Lastly, knowledge of the LRE obtained as the self-consistent
loop that solves the theoretical-computational framework
model should be the basis for comparative assessment or
screening of electrocatalysts in terms of their activity for the
reaction of interest, e.g., OER or HER. This means that a single
descriptor based on the chemisorption energy of a reaction
intermediate or the d-band center of the metal, as employed in
computational approaches based on the CHE, is not sufficient
for catalyst screening. Clearly, the LRE that is related to the
charging or capacitive response of the interface must be
accounted for. Moreover, it should be noted that knowing the
LRE is also an essential prerequisite for assessing catalyst
stability, i.e., predicting rates of catalyst degradation.

3 Overview of electrolyser technologies

Water electrolysis - literally the decomposition of water under
the action of electricity — was first performed by using static
electricity by Deiman and van Troostwijk 1789%?° and then in a
“more actual manner” by Nicholson and Carlisle, using a Volta
pile, in the early 19th century.>”" Since then, many electrolysis
processes have been discovered, optimised and industrially
implemented; for example, the Hall-Héroult process to produce
aluminium in molten-salt-based cells?***** or the Castner-
Kellner process of alkaline salt electrolysis to produce alkali-
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hydroxides (e.g., NaOH and KOH).>** In this section, the
principal water electrolysis technologies are reviewed, covering
their main advantages and drawbacks. Special emphasis is
given to their critical core materials, which would benefit from
further research to make these technologies an industrial
reality, or to enhance their present performance (for already-
industrialised systems).

Water electrolysis is the most significant primary electro-
chemical method for molecular hydrogen, and its importance will
increase rapidly with renewable energy production. Depending on
the electrolytes, separators, working temperatures and pressures
employed, five main types of water electrolysers (summarised in
Scheme 3 and Table 1) are encountered, namely:

(1) Alkaline water electrolyser (AWE)

(2) Proton exchange membrane water electrolyser (PEMWE)
(3) Anion exchange membrane water electrolyser (AEMWE)
(4) Solid oxide electrolysis cell (SOEC)

(5) Proton conducting ceramic electrolyser (PCCEL)

3.1 Near ambient temperature electrolysers

3.1.1 Alkaline-type electrolysers

3.1.1.1 Alkaline water electrolyser (AWE). Alkaline water elec-
trolysis is the most mature hydrogen production technology via
electrochemical water splitting. It is implemented for industrial
hydrogen production since several decades®*® (as a matter of
fact, that there were over 400 industrial water electrolyzers in
use already in 1902>*), notably with hydrogen production units
coupled to hydroelectric power (dam), e.g. in Trail (Canada),
Nangai (India), Aswan (Egypt - it is part of the Aswan Dam
project), Norsk (Norway),>*® and many other plants. In these
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Scheme 3 Schematic presentation of the five main types of water electrolysers.
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Table 1 Short description of the five types of water electrolysers. Modified from IRENA%25
AWE PEMWE AEMWE SOEC PCCEL
Operating 70-90 °C 50-80 °C 40-60 °C 700-850 °C 300-600 °C
temperature
Operating pressure 1-30 bar <70 bar <35 bar 1 bar 1 bar
Electrolyte Potassium hydroxide PFSA membranes DVB polymer support with Yttria-stabilised  (Y,Yb)-Doped-
(KOH) 5-7 mol L ™" KOH or NaHCO; 1 mol L™ zirconia (YSZ) Ba(Ce,Zr)0;_s
Separator ZrO, stabilised with PPS Solid electrolyte (above) Solid electrolyte (above) Solid electrolyte  Solid electrolyte
mesh (above) (above)
Electrode/catalyst Nickel coated perforated Iridium oxide High surface area nickel or Perovskite-type  Perovskite-type
(oxygen side) stainless steel NiFeCo alloys (e.g., LSCF, LSM) (e.g., LSCF, LSM
Electrode/catalyst Nickel coated perforated Platinum nanoparticles on High surface area nickel Ni/YSZ Ni/YSZ, Ni-BZY/

stainless steel carbon black
Nickel mesh (not always
present)

Nickel mesh

(hydrogen side)
Porous transport
layer anode

Porous transport
layer cathode
Bipolar plate anode

porous titanium

or carbon cloth
Nickel-coated stainless

steel
Bipolar plate Nickel-coated stainless Gold-coated titanium
cathode steel

Frames and sealing PSU, PTFE, EPDM PTFE, PSU, ETFE

facilities, the hydrogen produced has a renewable origin (hydro-
electric power) and is, therefore, a ‘green’ endeavour for (alkaline)
water electrolysis. Hydrogen production uses electricity produced
in off-peak (low-demand) times, or at times of large river flows in
the spring, enabling electricity storage in the form of chemical
bonds (power-to-hydrogen). When the peak electricity generation
is needed, hydrogen can be converted back to electricity via fuel
cells,”* although hydrogen is typically used locally as a chemical,
notably in plants producing fertilisers (Aswan, Nangai, Trail), but
also in metallurgy and for the production of heavy water. At
present, another technology of alkaline electrolysis produces a
wealth of pure hydrogen: the brine electrolysis process. In this
case, the reaction at the positive electrode is not the evolution of
oxygen, but the evolution of chlorine, the hydrogen rarely been
utilised as a fuel for fuel cells, but instead as a chemical (e.g., to
produce hydrogen peroxide)**° or for heat generation. This
technology will not be further addressed herein.

The basic architecture of an alkaline water electrolyser is as
simple as one can expect for an electrochemical system: 2
electrodes separated by a porous separator impregnated with
an alkali electrolyte, usually KOH). It is this inherent simplicity
that has enabled the early and consequent deployment of
industrial AWE cells worldwide. Alkaline water electrolyser cells
consist of two metallic electrodes that are immersed in
an aqueous liquid electrolyte (generally 25-40 wt% aqueous
solutions of KOH or NaOH); the working temperature range is
70-90 °C in order to provide maximum electrical conductivity:
KOH has a specific conductivity of 0.184 S cm ™" at 25 °C.>* The
reduction of water in an AWE (at pH 14) takes place at the
cathode (eqn (8)):

2H,0 +2e” =H, +20H~ (E2 = —0.828 V vs. SHE) (8)

while the hydroxyl ion oxidation occurs at the anode (eqn (9)):

1
20H™ = -0, + HyO + 2e™

> (E3 = +0.401V vs. SHE) (9)

This journal is © The Royal Society of Chemistry 2022

Platinum coated sintered
Sintered porous titanium

Platinum-coated titanium

LSC, BCFYZ
Coarse nickel-
mesh or foam

Coarse nickel-
mesh or foam

Nickel foam

Nickel foam or carbon None None

cloth

Nickel-coated stainless None None

steel

Nickel-coated stainless Cobalt-coated Cobalt-coated
steel stainless steel stainless steel

PTFE, silicon Ceramic glass Ceramic glass

The AWE technology presents several advantages, mostly
related to the alkali metal hydroxide aqueous electrolyte, which
enables using non-PGM catalysts without compromising the
performance and durability in operation.>** Electrode materials
based on nickel (RANEY® at the negative electrode or oxyhydr-
oxides at the positive electrode),?2%2*3723% cobalt or simply
stainless steels>**>** are conventionally used in AWE cells.**®
Some important and recent advances regarding the develop-
ment of such PGM-free catalysts for AWE will be addressed in
Section 7, while Section 6 will detail more classical (and some-
times used in AWE) PGM-based catalysts.

Several designs/constructions are used for industrial alka-
line water electrolysers.”*® Either the individual cells are con-
nected in parallel (monopolar assembly), or in series (bipolar
assembly). In the former case, all anodes (resp. cathodes) are
connected in parallel, usually on copper (or aluminium) con-
duction bars to lower Ohmic drop and ensure homogeneous
current feeding/collection. In the latter case, the current is
collected via endplates at the two extremities of the assembly,
the cathode and anode of neighbouring unit cells being
electrically connected. The monopolar and bipolar assemblies
have their own advantages and drawbacks (Table 2), the bipolar
configuration being more efficient from an energetic viewpoint.

Whatever the configuration, the main drawback of AWE
cells is linked to the generation of H, and O, bubbles at the
cathode and anode, respectively'” Firstly, bubbles in the liquid
electrolyte alter its ionic conductivity, hence heightening the
cell Ohmic-drop and the operating cost of AWE. Secondly,
because the separator is porous, intermixing between H,
and O, bubbles is possible if the mass-transport is not well-
balanced, which has adverse consequences in terms of safety of
operation, but also of gas purity.>*”**® In practice, AWE cells
need several hours to reach their steady-state, in terms of
electrolyte flow, temperature and current density (hence of
bubbles generated),””*** which means that AWE can usually
not be operated in transient regime, making their coupling to
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Table 2 Advantages and drawbacks of the monopolar and bipolar configurations of assembly for AWE cells

Configuration Monopolar assembly Bipolar assembly

Advantages o Smaller electrolysis voltage due to the parallel stacking, e More homogeneous current feeding
resulting in larger electrical safety of operation
e Absence of current leaks e Gain in voltage due to minored Ohmic drop in connectors/wires
o Impossibility of electrical shorts between anodes and e Smaller current intensity, resulting in less expensive electrical
cathodes transformer/rectifier

Drawbacks e Less homogeneous current feeding e Larger installation voltage, inducing electrical safety issues

e Larger number of electrical contacts/wires

e Larger current intensity, resulting in more expensive
electrical transformer/rectifier

renewable sources of solar/wind electricity awkward (although
this coupling is being studied).>*° For the same reasons, operation
under pressure is awkward. These drawbacks are not encountered
with water electrolysis cells using a dense separator, like a PEM or
an AEMs.

3.1.1.2 Alkaline membrane-based water electrolysis. To further
decrease the internal resistance of the electrolysers and to
operate the cells at high pressure, the possibility of using a non-
porous membrane with high anionic conductivity has also been
studied. Porous catalyst layers are deposited on each side of the
polymeric membrane to form a membrane electrode assembly
(MEA) very similar to what is currently used in PEMWE. The main
requirements of OH -conducting membranes are as follows:

(1) excellent mechanical and thermal stability in contact
with water and during operations;

(2) insulator regarding electronic conductivity;

(3) efficient transfer of OH™ ions from one electrode to the
other (high ionic conductivity);

(4) very low permeability to gases to minimise or even eliminate
gas crossover between the anodic and cathodic compartments;

(5) low cost.

AEM are described in detail in Section 5.2. In AEMWE, the
alkaline environment allows a great variety of catalyst material
selection, which could permit the use of non-precious metals
for the HER and OER. The ability to use cheaper non-platinum
or non-precious metal-based catalysts in AEMWE:s is the reason
why research is actively addressing the issues hindering AEM
commercialising for AEMWE.

3.1.2 Proton exchange membrane water electrolyser (PEMWE).
PEMWES are the most effective water electrolysis technology. Their
critical component is the ion-exchange membrane. Anode and
cathode form a sandwich against a proton-conducting polymer
electrolyte (e.g., Nafion®™), the so-called membrane-electrode assem-
bly (MEA). This MEA is then immersed in pure water, and a cell
voltage (Vi) is applied to trigger the O, evolution at the anode

(eqn (10)):
H,0 = %Oz +2e” +2H" (ER =-+1.229 V vs. SHE at 25 °C)
(10)

and the H, evolution at the cathode (eqn (11)):
2H" +2¢~ =H,

(E2 =0.000 V vs. SHE at 25°C)  (11)

4600 | Chem. Soc. Rev,, 2022, 51, 4583-4762

e Possible current leaks between the inlets/outlets of electrolyte,
feeding the cells in parallel (high potential differences applied to the
same channel)

e Risk of contact failure between two neighbouring anodes/cathodes

The overall reaction in a PEMWE (as in all WE cells) being
(eqn (12)):

1
H20 — Hy 30, (U°=+1.229Vat 25°C) (12)

Importantly, there is no net consumption of the electrolyte
and only water is consumed. Provided that water is supplied
at the rate at which it is consumed, the concentration of the
ions remains constant. During the electrolysis, mobile proton
species remain confined with the highly-acidic polymer membrane.
Due to this, noble metal catalysts that are resistant to such acidity
are required at both the cathode and the anode.

Modern PEMWESs contain perfluorinated sulphonic acid
copolymer membranes because of their relatively high ionic
conductivity (as compared to other membrane materials), high
mechanical strength, and fairly strong chemical stability. The
most widely used membrane material is Nafion™ by DuPont de
Nemours Co. (USA). Nafion® membranes are thin, elastic and
transparent. However, swelling and dissociation of the ion-
exchange groups of the membrane can occur when in contact
with water, resulting in the free movement of protons from one
electrode to another. The resistivity of perfluorinated sulphonic
acid membranes is significantly larger than that of alkali solu-
tions (i.e., 11-12 Q cm at 20 °C and 5-6 Q cm at 80-90 °C). Thin
membranes having a thickness in the 100-300 pm range are used
to reduce ohmic losses. However, using thin membranes increase
the permeability of gases through the membrane, reducing
the efficiency of the system. Since liquid electrolytes are not
used in PEMWES, the electrodes are pressed tightly against the
membrane in a zero-gap configuration. The catalysts used in
PEMWEs are deposited on the surface of the ion-conducting
membrane (to form a CCM - catalyst coated membrane) to
achieve high surface contact between the catalyst and the
electrolyte. Porous current collectors are then pressed against
these CCMs, adjacent electrolysis cells being stacked together
and separated by metallic bipolar plates. The intimate contact
between the porous transport layer (PTL) is critical to reach
high performance PEMWE. The HER electrode morphology can
essentially be kept similar to that of PEMFC anodes (where H,
oxidation occurs). Pt-based catalysts supported on high surface
area carbon in contact with a conventional gas diffusion layer
(GDL) encompassing a microporous layer (mixture of high
surface area carbon and PTFE binder) is appropriate,>*'>*>

This journal is © The Royal Society of Chemistry 2022
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and further refinements are possible (fluorinated carbons
improve the performance®*®). On the OER side, the issue is more
complex, because carbon is not stable; hence, titanium-based PTL
are usually employed as the porous current collector. Because they
are complex to nanostructure, Ti-based PTL usually display coarser
structures than carbon-based ones, enabling poorer distribution of
the electrical contact points to the OER catalyst layer. As a result,
the OER preferentially occurs at the regions of the catalyst layer
near to good conducting paths (contact points) of the PTL,
resulting in very heterogeneous OER within the catalyst
layer''®*** especially with alteration of the PTL/catalyst layer
conductivity, owing to unavoidable increase of the interfacial
contact resistance of the Ti PTL upon gradual passivation in OER
regime.>** PTL with finer structures improve the situation, result-
ing in more numerous electrical contact points between the PTL
and the catalyst layer**® opening the way to more tailored designed
GDSs for the OER in PEMWE.**”**® The catalysts used in PEMWEs
are generally platinum group metals (PGMs). Ruthenium (Ru) is
one such PGM that has high catalytic activity in the O, evolution
reaction when in oxide form. However, it must be noted that Ru-
based electrodes can have poor stability in acidic conditions. The
most commonly used anode catalyst is iridium (Ir) with loadings
of around 1.0-2.0 mg cm ™2, whereas platinum (Pt) or palladium
(Pd) are the main catalysts used at the cathode, with the anode
current collectors being constructed of a porous titanium (Ti)
material and the cathode current collectors being constructed of
carbon material.

When compared to other water electrolysers, the main
advantages of a PEMWEs are as follows (see also Table 1):

(1) Possibility of operating at high current densities (high
power);

(2) High energy efficiency;

(3) High purity of generated gases; and

(4) A high dynamic range (ideal for use with intermittent
renewable energy).

The main drawbacks are:

(1) High initial capital investment; and

(2) Requirement for high-temperature electrolysers

3.2 High-temperature electrolysers

3.2.1 Solid oxide electrolyser cell (SOEC). In solid oxide
electrolyser cells (SOEC),>*°>>> oxide-ion conducting ceramics
are used both as the solid electrolyte and the cell separator. The
operating temperatures for the SOECs are usually in the 800-
1000 °C range. The electrolyte used in SOECs is generally
zirconia that has been stabilised with yttrium and scandium
oxides (“YSZ”), with the main components consisting of
stainless-steel bipolar plates and manganite-coated stabilised
zirconia as the solid electrolyte. In a SOEC, water vapour is

reduced at the cathode (eqn (13)):
HoOg) + 27 — Hag + 07 (13)

The resulting oxygen ions migrate to the anode, where O,
evolves (eqn (14)):

20% — Oy +4e” (14)

This journal is © The Royal Society of Chemistry 2022
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The oxide ions are transported from the cathode to the anode across
the zirconia electrolyte by an ionic diffusion process, very thin (ca.
30-150 um thick) ceramic membranes being used to reduce the
ohmic losses. The steam cathode is typically composed porous
nickel, while the air anode is typically composed of porous per-
ovskite materials, such as lanthanum strontium manganite
(“LSM”), with various catalyst blends under development, such as
lanthanum strontium cobalt ferrite (LSCF) and samarium-doped
ceria®® and rare-earth nickelates.”* Detailed modelling of hetero-
geneous electrocatalysis in these systems, supported by impedance
and imaging data, has shown that oxygen surface diffusion and
de-sorption on the LSM surface from the YSZ triple-phase boundary
can be the rate-limiting step, which can be optimised by tailoring
the microstructure of the porous composite functional layer at the
cathode-electrolyte interface.”®® Despite the high temperature,
multi-component gas diffusion in the porous electrodes can also
be rate-limiting, especially at the steam electrode.>®

SOEC technologies have been driven by the possibility to
operate at high current densities (e.g., 3.6 A cm ™2 at 1.48 V and
950 °C) and efficiencies. In addition, the electrochemical
processes are highly efficient and reversible, because SOECs
are run at high operating temperatures, which allows a single
SOEC unit to operate as either a fuel cell or electrolysis cell.
Challenges for current research include understanding and con-
trolling electrochemical degradation and thermo-mechanical
stability,”®” in order to meet the demands of producing H2 from
(intermittent) renewable electricity.

3.2.2 Proton conducting ceramic electrolyser (PCCEL). In a
proton-conducting ceramic electrolyser (PCCEL) water vapour
is supplied to the oxygen electrode side (anode), and pure H, is
generated at the cathode (no dilution by water vapour). The
cathode in both a SOEC and a PCCEL is typically a Ni-in-oxide-
electrolyte composite (cermet). Since the water vapour is sup-
plied to the anode, it is expected to avoid Ni oxidation and
irreversible agglomeration at the cathode. In addition, the
intermediate operating temperatures of a PCCEL (around
500 °C) brings economic advantages: (i) the required electrical
energy for water electrolysis decreases as the operating tem-
perature increases, since a significant portion of the energy
supplied is in the form of thermal energy; (ii) the sluggish
kinetic issues at low temperatures are offset by the elevated
operating temperatures. Therefore, PCCELs enable water electro-
lysis with higher efficiency than low-temperature electrolysers.
Although the first demonstration of PCCEL technology was
reported in 1981, its development has been slow due to the
technical difficulty associated with the fabrication of the bilayer
structure in the configuration of thin and dense electrolyte/
porous electrode support. They also suffer from the same poor
thermos-mechanical properties as SOEC.

4. Key performance indicators (KPI)
and technology targets

According to the International Energy Agency’s Net Zero by
2050 report,>® achieving global net-zero emissions by 2050
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Table 3 Power capacity to be installed in 2050 for reaching net-zero
emissions. Modified from the IEA%>®

2050 projected

2020 installed installed

Energy sources capacity/GW capacity/GW
Solar PV 737 14458
Wind 737 8265
Hydro 1327 2599
Hydrogen power plants 0 1867
Nuclear 415 812
Bioenergy 171 640
Coal-fire with carbon capture 1 222
sequestration (CCS)

Gas-fire with carbon capture 0 171
sequestration (CCS)

Concentrating solar power (CSP) 6 426
Geothermal 15 126
Marine (wave and tidal) 1 55
Total 3410 29641

would require to produce around 306 million tonnes of green
hydrogen from renewable energy sources each year. This would
also require a global electrolyser capacity of ca. 3600 GW, up
from about 300 MW today, and ca. 14500 TW h of electricity—
about 20% of the world’s electricity supply (~71 000 TW h). The
IEA predicts that blue hydrogen from natural gas will cost around
US$1-2 per kg, with green hydrogen at U$1-2.50 kg™ by 2050. In
the same report, the IEA estimates a substantial increase in
renewable and other energy sources of installed capacities
(Table 3).

On 8th July 2020, the European Union (EU) launched “A
hydrogen strategy for a climate-neutral Europe”> as part of its
Green Deal but also announced two other important initiatives —
the Energy System Integration plan and the European Clean
Hydrogen Alliance (E2CH2A). The overall objective is to establish
a European hydrogen economy and to make of euro the cur-
rency of choice on the global market. The industry led E2CH2A
intends to promote investments in hydrogen production and
application.>*’

All three initiatives offer a unique opportunity for using
wind- and PV-sourced renewable hydrogen (RH,) to supply fuel
and chemical feedstock throughout Europe and to store energy
in salt caverns. Clean hydrogen production capacity is projected
to grow to 1 million tonnes by 2024 and 10 million by 2030 -
meaning 6 and 40 GW by 2024 and 2030, respectively. Adding in
40 GW produced in neighbouring countries, 2030 capacity will
reduce CO, emissions by 100 million tonnes.

The total cost of kick-starting a European hydrogen economy
is estimated at €430 billion, with initial EU investments coming
to €96 billion. The funding will be split between electrolysers
(13%), offshore (47%) and onshore wind (25%) and solar PV
(15%). The aim is to produce 4.4 million tonnes of RH, in
the EU. An additional €91.5 billion will be spent producing
4 million tonnes in Ukraine and North Africa.

The European electrolyser industry will create an estimated
170000 jobs. As for the hydrogen infrastructure, €120 billion
will need to be invested in the EU and North Africa to supply
RH, for fuel and materials production, e.g., for producing
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kerosene and steel, and to fund hydrogen manufacture in the
transportation, heat and power markets. Natural gas pipelines
and storage systems are expected to serve an important elec-
tricity interconnector function across Europe, while hydrogen
could provide more grid flexibility.

The European Commission’s strategy for rapid market
growth involves three stages:>°

- Stage 1 (2020 to 2024): produce 1 million tonnes of RH,
and kick-start electricity generation.

- Stage 2 (2025 to 2030): increase energy production capa-
city, produce 10 million tonnes, and decarbonise most of
Europe’s energy markets and industry.

- Stage 3 (2030 to 2050): modernise and transform hard-to-
abate sectors, e.g., shipping and aviation.

Overall, an EU-wide market for hydrogen promises significant
value-adds within a multi-billion-euro high-tech environment.
Hydrogen production, storage and distribution will drive innova-
tion, growth, jobs, trade and transportation throughout the EU.
The technology’s competitiveness will hinge on the swift delivery
of new, innovative and sustainable solutions promising efficient,
on-demand power. These solutions will be vital to meet societal
demand for reliable, clean and efficient energy generation through
smart, green and integrated networks. By 2050, a continent-wide
hydrogen market could generate €820 billion in revenues, provide
5.4 million jobs, and avoid 560 million tonnes of CO, a year.
Supporting innovative production techniques is thus crucial to
facilitate the establishment of a hydrogen economy.

In order to achieve these ambitious economic and produc-
tion targets, stringent technology targets and key performance
indicators (KPIs) have been implemented. Table 4 lists KPIs for
the four-electrolysis technologies considered, both for the state-
of-the-art in 2020 and as targets for 2050.

5 Materials: focus, challenges, and
solutions

It is clear that green hydrogen production (coupling renewable
energy systems with electrolysers) is witnessing an exponential
increase. According to the Hydrogen Council, hydrogen could
help meet almost a quarter of the global energy demand by
2050, creating a US$10 trillion addressable market. These
projections are supported by the recent strong hydrogen-
focused national hydrogen strategies, for example in Germany,
France, Spain, Portugal, the EU, Japan, South Korea, Australia,
New Zealand, Canada, Chile and the USA. Moreover, Aurora
Energy Research predicts that a 1000-fold increase in electro-
lyser units is expected by 2040.26%2¢

Overall, most green hydrogen projects involve the installation
of PEMWESs and AWEs as they are well-established technologies,
although AEMWE (e.g., Enapter) and SOEC (e.g., Haldor Topsoe)
technologies are currently being chosen as potential candidates
for large-scale hydrogen production. Water electrolysis is the
most significant primary electrochemical method for hydrogen
production, and its importance will increase rapidly with renew-
able energy production.

This journal is © The Royal Society of Chemistry 2022
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Table 4 State-of-the-art and future key performance indicators (KPIs) for all electrolyser technologies. Adapted from IREN
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A225

2022

Target 2050

R&D focus

Nominal current density
Voltage range (limits)
Operating temperature

Cell pressure

Load range

H, purity

Voltage efficiency (LHV)
Electrical efficiency (stack)
Electrical efficiency (system)
Lifetime (stack)

Stack unit size

Electrode area

Cold start (to nom. load)
Capital costs (stack) min 1 MW
Capital costs (system) min 10 MW

Nominal current density
Voltage range (limits)
Operating temperature

Cell pressure

Load range

H, purity

Voltage efficiency (LHV)
Electrical efficiency (stack)
Electrical efficiency (system)
Lifetime (stack)

Stack unit size

Electrode area

Cold start (to nom. Load)
Capital costs (stack) min 1 MW
Capital costs (system) min 10 MW

Nominal current density
Voltage range (limits)
Operating temperature

Cell pressure

Load range

H, purity

Voltage efficiency (LHV)
Electrical efficiency (stack)
Electrical efficiency (system)
Lifetime (stack)

Stack unit size

Electrode area

Cold start (to nom. Load)
Capital costs (stack) min 1 MW
Capital costs (system) min 1 MW

Nominal current density
Voltage range (limits)
Operating temperature

Cell pressure

Load range

H, purity

Voltage efficiency (LHV)
Electrical efficiency (stack)
Electrical efficiency (system)
Lifetime (stack)

Stack unit size

Electrode area

Cold start (to nom. Load)
Capital costs (stack) min 1 MW
Capital costs (system) min 1 MW

PEM electrolysers
1-3 Acm™?
1.4-2.3V

50-80 °C

<50 bar

5-130%
99.9-99.9999%
50-68%

47-66 kW h kgH, "
50-83 kW h kgH, *
50 000-80 000 h

1-2 MW

<3000 cm>

<20 min

400 USD kw !
700-1400 USD kw !
Alkaline electrolysers
0.2-0.8 A cm™?
1.4-3V

70-90 °C

<30 bar

15-100%
99.9-99.9998%
50-68%

47-66 kW h kgH, '
50-78 kW h kgH, '
60000 h

1 MW

10 000-30 000 cm?
<50 min

270 USD kw !
500-1000 USD kw*
AEM electrolysers
0.2-2 A cm ™
1.4-2.0 V

40-60 °C

<35 bar

5-100%
99.9-99.999%
52-67%

51.5-66 kW h kgH,
57-69 kW h kgH, "
>5000 h

2.5 kW

<300 cm?

<20 min

Unknown
Unknown

Solid oxide electrolysers
0.3-1 Acm >
1.0-1.5V

700-850 °C

1 bar

30-125%

99.9%

75-85%

35-50 kW h kgH, '
40-50 kW h kgH, "
<20000 h

5 kW

200 cm?

> 600 min

>2000 USD kw*
Unknown

However, water electrolysis technologies strongly depend
upon the materials used i.e., catalysts, electrolytes, separators,
working temperatures and pressures. Currently, hydrogen

This journal is © The Royal Society of Chemistry 2022

4-6 A cm ™2
<17V

80 °C

>70 bar

5-300%

Same

> 80%

<42 kW h kgH, !
<45 kw h kgH, "
100 000-120 000 h
10 MW

>10000 cm?

<5 min

<100 USD kw™*
<200 USD kw™*
>2 Acm 2
<17V

>90 °C

>70 bar

5-300%
>99,9999%
>70%

<42 kW h kgH, "
<45 kw h kgH, *
100000 h

10 MW

30000 cm?

<30 min

<100 USD kw™*
<200 USD kw™*
>2 Acm 2

<2V

80 °C

>70 bar

5-200%
>99.9999%
>75%

<42 kW h kgH, "
<45 kw h kgH, "
100000 h

2 MW

1000 cm”

<5 min

<100 USD kw !
<200 USD kw !
>2 Acm 2
<1.48V

<600 °C

>20 bar

0-200%
>99.9999%
>85%

<35 kw h kgH, "
<40 kW h kegH, "
80000 h

200 kW

500 cm?”

<300 min

<200 USD kw™*
<300 USD kw ™!

Design, membrane
Catalyst, membrane

Effect on durability
Membrane, rec. catalysts
Membrane

Membrane

Catalysts
Catalysts/membrane
Balance of plant
Membrane, catalysts, PTLs
MEA, PTL

MEA, PTL

Insulation (design)

MEA, PTLs, BPs

Rectifier, water purification

Diaphragm

Catalysts

Diaphragm, frames, BoP components
Diaphragm, cell, frames
Diaphragm

Diaphragm

Catalysts, temp.
Diaphragm, catalysts
Balance of plant
Electrodes

Electrodes

Electrodes

Insulation (design)
Electrodes

Balance of plant

Membrane, rec., catalyst
Catalyst

Effect on durability
Membrane
Membrane
Membrane

Catalysts
Catalysts/membrane
Balance of plant
Membrane, electrodes
MEA

MEA

Insulation (design)
MEA

Rectifier

Electrolyte, electrodes
Catalysts

Electrolyte
Electrolyte, electrodes
Electrolyte, electrodes
Electrolyte, electrodes
Catalysts

Electrolyte, electrodes
Balance of plant

All

All

All

Insulation (design)
Electrolyte, electrodes
All

production via electrolysis is more expensive than via other
methods due to the capital costs and dependence on electricity
costs. Although the CAPEX and OPEX of electrolysers have been
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Table 5 Degree of challenges in AWE material properties development. Modified from ref. 225. Abbreviations: E: easy; M: moderate; D: difficult L: low;

M: moderate; H: high

AWE component: AWE material properties

Degree of
challenges

Degree of
improvement

Catalyst: high catalyst surface area > 50 m* g~ *
Catalyst: high catalyst utilisation > 80%

Catalyst: improved kinetics for both OER and HER with novel nickel-based alloys
Catalyst: mitigate catalyst poisoning/deactivation by foreign elements from electrolyte, and components

present in the system

Catalyst: mitigate critical degradation of catalysts on the anode side to avoid loss of surface area

Catalyst: mitigate nickel hydride (NiH) formation on the cathode side

Catalyst layer: eliminate mechanical degradation of catalyst layers (delamination, dissolution)
Catalyst layer/porous transport layer: identify and reduce interface resistances from catalyst layer to PTLs
Diaphragm: identify stable polymer chemistry that can be used as ionomer (OH™ transport) to be used to

fabricate electrodes for alkaline electrolysers

reduced noticeably since 2012, further improvements are
required, especially when operated solely on renewable energy
sources; limited utilisation increases the impact of the CAPEX
and OPEX on commercial viability. A second objective is to
improve the electrolyser system’s efficiency to reduce cost and
the electricity consumed.

As a “rule of thumb” for all electrolysers, new materials which
are low-cost, highly performing, and durable with a particular
focus on thinner membranes (electrolytes), more active and
durable catalysts and less critical raw materials, are required.

5.1 Alkaline water electrolyser

AWE is a mature and commercial technology which uses mainly
nickel based material although some systems contain platinum
(and cobalt). IRENA (the International Renewable Energy Agency)
highlights that further R&D in AWE materials is required to
drastically improve performance and durability.>*® Table 5 high-
lights the degree of challenges in material properties develop-
ment and makes clear that new development in OER and HER
catalyst is required.

5.2 Anion exchange membrane water electrolysers

5.2.1 AEM main properties. AEMWE can use the same
catalysts than their liquid electrolyte counterpart. Those will
be described in great details in the forthcoming sections. The
real challenge of AEMWE is their AEM, as described below.

The concept of AEM water electrolysis has been the subject
of numerous reports in recent years in the scientific literature.
A search of the academic literature (Web of Science) in the field
in the past decade shows a remarkable increasing number of
publications in AEMs as well as AEMs for water electrolysers
(Fig. 5) clearly underpinning a growing interest in the research
community, caused by the many advantages of the AEMWE
over the PEMWE technology.

AEM electrolysers work with an alkaline environment at the
membrane interface provided by an anion-conducting polymeric
membrane, called Hydroxide-Exchange Membrane (HEM), or
generically, Anion-Exchange Membrane (AEM). Generally, AEMs
are formed by a polymer backbone with anchored cationic groups
that confer anion conductivity and selectivity (Fig. 6). The most
common relevant backbones cited in the literature used for AEMs
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Fig. 5 The annual number of publications in the field of AEMs (from Web
terms:

of Science (access 29.07.2021)). Search
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Fig. 6 Scheme of hydroxide ion transport through an AEM. Reproduced
with permission from ref. 314 Copyright Springer 2014.

262-266 267-270

are: polysulphone type
poly(ether imide) type,*”* "

poly(ether ketone) type,
poly(ether oxadiazole) type,*”> "
poly(phenylene oxide) type,>”**”*2% polyphenylene type,
fluorinated type,*****' polybenzimidazole type,**>>°® polyethylene
type,2*% and polystyrene type.2+307-313

A few cationic functional group chemistries have been studied
(Fig. 7), most of which involve N-based groups®*®*'>?? whereby
piperidinium®*® and spirocyclic®®® are currently state-of-the-art.

and
283-285
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Fig. 7 Scheme of representative cationic functional groups used in AEMs.

Besides non-N-based cationic groups like phosphonium,?®¥3*4327

phosphatranium,®® S-based functional groups such as
sulphonium®****" and metal-containing anion-conducting groups,
such as complexes of ruthenium(u),****** Cobaltocenium,*** 3%
ferrocenium,”® copper(),**° Nickel(n)****** and gold(m)*** have
been described (Fig. 7). Alternative anion-conducting groups were
also exploited, such as guanidinium,?3328344-347

These cationic functional groups can be an integral part of
the backbone (e.g., polybenzimidazolium-based polymers) or
attached to the polymer backbone in different ways (Fig. 8).>*®

This journal is © The Royal Society of Chemistry 2022
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